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Thermal-expansion coefficients and specific heats have been measured in the temperature range
0.1—10 K for KCl crystals containing less than 200 ppm °Li or 'Li. The tunneling states associated
with isolated Li ions give rise to a Griineisen parameter of I';;= + 150+ 15 which is isotropic and in-

dependent of temperature or of Li isotope.

I. INTRODUCTION

We report a study of the contribution by substitutional
Li impurities to the thermal expansion and specific heat
of KCIl. The results are intended to complement, and as-
sist, ongoing theoretical efforts directed to a better under-
standing of low-energy tunneling systems and their cou-
pling to strain fields.

The low-lying energy levels arising from defects in
solids have been the subject of considerable experimental
and theoretical investigation for more than two de-
cades.!~® In crystalline solids, these energy levels can
occur if, instead of a single potential-energy minimum at
the site of substitution, an atomic or molecular impurity
finds two or more equivalent minima. Tunneling between
the minima then splits the degenerate ground state into
two or more closely-spaced energy levels separated by en-
ergies A;. The A; can be small compared to other excited
energy levels of the impurity which therefore remain
thermally inaccessible at low temperatures. The A; are
also small with respect to the Debye energies of the crys-
talline lattice making it possible, in many cases, to
separate the tunneling behavior from that of the lattice
phonons.  Tunneling states influence most low-
temperature properties of the crystalline host. A Schottky
peak in the specific heat at a temperature of T'~0.4A is
the most commonly recognized example of this influence
when the defect concentration is small.

The coupling between a tunneling state and its environ-
ment can be measured by several techniques including
that of thermal expansion.* Our interest will be in the
average thermal expansion contributed by each impurity
site. This normalized expansion is conveniently charac-
terized by the Gruneisen parameter I' given by an equa-
tion of the form® I'=3aB /C, where a is the coefficient of
linear thermal expansion, C is the specific heat, and B is
the bulk modulus® of the host crystal. When it is intended
that T be related only to a specific excitation, then the
portions of @ and C contributed by those sites alone
should be used in the calculation of I'. For example, the
magnitude of T is ~ 1 for more common excitations such
as conduction electrons or thermal phonons.

For tunneling states, experimental values as large as 300
have been reported.7 However, if one uses a theoretical
model of the tunneling state which is adequate for other
purposes and computes I'= —d (InA)/d (InV), where V is
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volume, the result (see Sec. III) is generally I'~10. There-
fore a considerable refinement of the model is needed,® a
refinement which may be available through advanced
computer techniques.” The present paper provides quanti-
tative data for comparison with improved models.

The tunneling system KCIL:Li was selected for our study
for several reasons. The tunneling of a simple ion such as
Li should simplify theoretical calculations. The tunnel
splitting of A=~1 K for the ground state is small relative
to the energy (>60 K) of the higher levels. Therefore
those energy levels of interest are nearly pure tunneling
states, a fact which should further simplify computations.
The tunneling splitting of A= 1 K lies in an experimental-
ly accessible temperature range, yet is small enough that
the tunneling behavior will not be masked by thermal
phonons. This last point is further enhanced by the large
I'(~300) reported’ for Li in KCl. Finally, the large iso-
tope effect available through the use of both Li and "Li
provides an additional test of any theoretical model.

Lithium is a substitutional defect in KCl, occupying a
K site. The small Li ion lies off center along one of the
eight equivalent (111) directions. Quantum tunneling
between these potential minima splits the eightfold degen-
erate ground state into four energy levels having a degen-
eracy of 1-3-3-1. These four levels are nearly equally
spaced in energy with A=~1.2 K for 'Li. For additional
information on theoretical and experimental studies of
KCI:Li (and on other tunneling systems) the reader is
directed to Refs. 1-3.

II. EXPERIMENTAL TECHNIQUE AND RESULTS

Samples of KCI:Li were purchased from the Crystal
Growth Laboratory of the University of Utah. The start-
ing materials had been pretreated to reduce the OH™ im-
purity concentration to less than 0.1 ppm. Because of
segregation of Li in the melt, a Li concentration gradient
occurs along the axis of growth. To minimize this gra-
dient, large amounts of starting materials were used. In
addition, samples were cut from 0.5 cm thick layers
oriented perpendicular to the growth direction. Paired
specific-heat and thermal-expansion samples were always
cut from the same layer. The single exception was a sam-
ple having its long axis oriented along (111), which was
used for both specific-heat and thermal-expansion mea-
surements.
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FIG. 1. Total specific heat C of sample 60’Li (O, top scale)
and sample 150°Li (OM, two independent runs, bottom scale)
versus temperature 7. Also shown, by solid circles, are the ear-
lier data of Ref. 11 on 20’Li. The solid lines represent the T
phonon contributions.

The concentration »n of Li in each sample was estimated
from the specific-heat data by using the relation
nk(In8)= f (C/T)dT. A sample having, for example,
60 ppm "Li (relative to K sites) will be designated for con-
venience as 60'Li. The "Li introduced to the melt was a
natural isotopic mixture containing 7% SLi, while the SLi
introduced to the melt was reported to be ~95% °Li.
This small admixture of isotopes does not significantly in-
fluence the results of the thermal-expansion or specific-
heat measurements.

A total of four different Li concentrations were used in
the measurements. Two of these, 60’Li and 70°Li, were
nominally of the same concentration so as to observe the
isotope effect. Another set, 70°Li and 150°Li were intend-
ed to check for the presence of a concentration depen-
dence. A third combination, 150°Li{100) and
130°Li{111), was used to check the isotropy of the linear
expansion coefficient.

In measuring the specific heat, the sample was clamped
between dry sapphire plates to provide a long equilibra-
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tion time (=~ 10 sec) between sample and refrigerator. A
~S5-msec heat pulse Q was applied via an electrical
heater, and the temperature excursion AT was measured
with a carbon resistance thermometer. The signal-to-
noise ratio was enhanced by a single-averaging tech-
nique.! The specific heat was then computed using the
relation C =Q/VAT. In all cases, the addenda heat capa-
city was negligible ( < 1%).

The carbon-composition resistance thermometers used
for the specific-heat (and thermal-expansion) measure-
ments were calibrated in situ against three germanium
resistance thermometers (for reliability). The germanium
thermometers had been calibrated to an accuracy better
than 1% on the EPT76 temperature scale against Nation-
al Bureau of Standards superconducting fixed points us-
ing a cerium-magnesium-nitrate magnetic thermometer
for interpolation. The absolute accuracy of a specific-heat
measurement was ~5%.

The specific-heat data for two of the samples are shown
in Fig. 1 using offset temperature scales to separate the
two sets of data. The set on the right contains results
from two independent runs and illustrates the reproduci-
bility of our data. The set on the left shows that the
present data, in the phonon-dominated T regime indicat-
ed by the solid line, are in good agreement with earlier re-
sults.!!

To obtain the Li contribution Cy; to the specific heat,
the phonon contribution must be subtracted. The phonon
contributions for each sample are summarized in Table I
together with the related Debye temperature ©,. The ©p
for the 130°Li and 150°Li samples, cut from different
layers of the same crystal, are ~7% smaller than for the
other samples which were cut from other crystals. This
difference is real, and may indicate a weak dependence of
©p on Li content.

The thermal expansion was measured using a dilatome-
ter incorporating a superconducting quantum interference
device (SQUID) detector which has been described previ-
ously.”? An improvement in the dilatometer was the re-
placement of the earlier quartz-disk transducer with a
small piezoelectric ceramic tube.!® This change consider-
ably improved the reproducibility of the transducer pack-
age which retains the calibration of the dilatometer be-
tween runs. The transducer is calibrated periodically in
separate runs against the known thermal expansion of
high-purity copper at T >2 K. Since the output of this
transducer is independent of temperature, the calibration
can be reliably transferred to lower temperatures. The ab-

TABLE 1. Summary of measured parameters for KCl crystals containing substitutional Li impurities. (?) indicates that the

direction was not known.

Pure 607Li 70°Li 150°Li 130°Li
Sample axis (M (100) (100) (100) (111)
ap/T? (107" K% 4.8+0.2?2 5.8+0.4 5.4+0.5 7.0+0.4 4.840.3
Cp/T? J/m*K*) 8.240.2° 7.940.3 8.4+0.3 10.0+0.3 10.0+0.3
6, (K) 233° 236+3 23143 218+3 218+3
p +0.35% +0.43 +0.38 +0.41 +0.29

2Reference 26 (for T < 10 K).
"Reference 11.
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FIG. 2. Total linear thermal-expansion coefficient a of sam-
ple 607Li (O, (100), left scale) and sample 130°Li (A A, two in-
dependent runs, (111), right scale) versus temperature 7. Also
shown by solid circles are the earlier data of Ref. 7 on =~ 100’Li.
The solid lines represent the 7> phonon contributions. The °Li-
"Li isotope effect is readily observed as a shift in the tempera-
ture of the peak, see text.

solute accuracy is still limited by the calibration procedure
to =~10%. Within a given run, the relative accuracy is
5%.

The thermal-expansion data for two samples are shown
in Fig. 2 using offset vertical scales to separate the two
data sets. The isotope effect, the shift in temperature of
the peak occuring near ~1 K, is apparent. The lower
data set contains the results of two independent runs and
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FIG. 3. Contribution of 'Li impurities in sample 60’Li to the
thermal expansion a (@, {100), left scale) or specific heat (O,
right scale). The dashed line is a 1-3-3-1 Schottky peak as dis-
cussed in the text.

FIG. 4. Contribution of °Li impurities in sample 70°Li to the
thermal expansion (4, (100), left scale) or specific heat (X,
right scale). The solid curve is a theoretical fit to the specific
heat as discussed in the text.

indicates the reproducibility of our data. The upper set
shows that our data are in agreement with earlier measure-
ments’ in the T3 regime, represented by the solid line,
where phonons dominate the expansion.

To obtain the contribution a;; of Li to the expansion
coefficient, that contributed by the phonons must be sub-
tracted. The phonon contribution aj, for each sample is
included in Table I. The Gruneisen parameter I"p related
to thermal phonons in KCl is =~ +0.4. Having subtracted
these phonon contributions, the resulting a;; (and Cy;) are
shown in Figs. 3—6. Each figure has a thermal-expansion
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FIG. 5. Contribution of °Li impurities in sample 150°Li to
the thermal expansion (B, (100), left scale) or specific heat (O,
right scale). The dashed curve represents the data for 70°Li
from Fig. 3.
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FIG. 6. Contribution of Li impurities in sample 130°Li to
the thermal expansion (A, (111), left scale) or specific heat (A,
right scale).

scale on the left and a specific-heat scale on the right. In
all figures, the same type of symbol has been used to
represent data for a particular sample. In plotting Figs.
3—6, the Cy; data were shifted vertically until the max-
imum in the peak was superimposed on that for the ay;
data. This permits a more convenient comparison of the
temperature dependence of ay; relative to that of Cy;.

The Gruneisen parameters I'y; associated with the sub-
stitutional Li and obtained from Figs. 3—6 are shown in
Fig. 7 as a function of temperature. To obtain the I'y;,
smooth curves were constructed through the Cp; or ap;
data points for the purpose of interpolation.
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FIG. 7. Gruneisen parameter I'1;, related to the substitution-
al Li in KCl, versus temperature. The Gruneisen parameter
serves to indicate the average thermal expansion contributed by
a Li impurity.
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III. DISCUSSION

We discuss first the data obtained above =~0.5 K
where, in Fig. 7, the Gruneisen parameter is isotropic and
temperature independent with I'y;=+150+15 to within
the combined accuracies of the ¢ and C measurements.
Note that I'j; has the same value for both Li isotopes.
This is to be contrasted with the factor of 1.40 shift in
peak temperature for the two isotopes at the same concen-
tration (Figs. 3 and 4).

The I';; may be compared'* in Fig. 8 with values de-
duced from measurements of the change in tunnel split-
ting A with applied hydrostatic pressure,'>!® that is,
I'=—d(InA)/d(InV). The two kinds of data are similar
both in magnitude and in the absence of a significant iso-
tope effect in I, but the high-pressure results would ap-
pear not to extrapolate linearly to our value of I';;= +150
at zero pressure.

The data of Fig. 7 can also be compared with simple
theoretical computations of I'. For example, a model us-
ing isotropic off-center harmonic potential-energy wells'’
can reproduce the 1-3-3-1 tunneling-state energy levels
with equal separations A. Assuming the bottom of the
well (the “oscillator frequency”) is unchanged by small
strain, ['j;= —d (InA)/d (In¥) =~ +20 is obtained.”® This
value is typical of simple estimates of I for tunneling
states,'®!® and indicates the need for a more realistic mi-
croscopic model of such states. The same model would
predict a 17% reduction in " when °Li is substituted for
'Li. The ~15% uncertainty reflected in the results of
Fig. 7 precludes a test of this prediction.

The values of I'y; at temperatures below =~0.5 K in
Fig. 7 diverge from the value I'j;=+ 150, and even ap-
pear to become anisotropic with a smaller I'}; along the
(111) direction. To understand this result requires a
closer scrutiny of the data presented in Figs. 3—6.
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FIG. 8. Gruneisen parameter I'}; related to substitutional °Li
(solid line) or "Li (dashed line) in KCl, versus hydrostatic pres-
sure P or strain dV/V. The Li ion goes on center near the pres-
sure indicated by the arrow. Information on the pressure depen-
dence was obtained from Refs. 15 and 16, the zero-pressure
value (O) is from Fig. 7.
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The dashed curve in Fig. 3 represents a Schottky specif-
ic heat for four equally-spaced energy levels having a de-
generacy of 1-3-3-1. The energy spacing was taken as
A=1.2 K as deduced from earlier specific-heat measure-
ments at lower Li concentration.!! (An unequal energy
spacing®® would shift the curve ~10% lower in tempera-
ture.) The reader can observe that the measured peak in
Cy; (the open circles) is broader than the theoretical peak.
At 0.1 K, for example, the measured Cy; is a factor of 10
larger than the computed value. This is also true for the
other data set of Figs. 4—6. It is difficult to produce the
observed width by modifying the separations or degenera-
cies of the (111) tunneling state (by assuming, for exam-
ple, tunneling to opposite (111) wells rather than to
neighboring wells). Therefore it is assumed that not all Li
sites are identical, that the broadened specific-heat peak
results from a spectrum of tunneling states. This mecha-
nism has been suggested previously,"??! and is consistent
with other observations to be discussed below.

The spectrum of tunneling states could arise from in-
teractions of the Li with local strain or electric fields.
The density of dislocations required to produce the re-
quired strain fields can be estimated. Assume that the
strain field of one dislocation is given by b /27R, where b
is the Burgers vector and R is the distance between a
dislocation and a Li ion. Also, assume an average strain
interaction of '=150 as obtained from Fig. 7. The ob-
served broadening would require ~12% of the Li concen-
tration to have their A shifted downward by a factor of
~2. This would require a dislocation density ~3X 10"
m~2, a value larger than that found in heavily deformed
alkali-halide crystals. Densities in the as-grown condition
are typically a factor of ~10° smaller. Therefore, it is un-
likely that local strain fields cause the broadening indicat-
ed in Fig. 3.

An obvious source of local electric fields are the electric
dipole moments,?? p ~5.5 D, associated with the Li tun-
neling states. Evidence that Li-Li interactions are signifi-
cant is found in Fig. 5. The dashed curve represents the
data for sample 70°Li having a factor 2 smaller Li con-
centration. The position of the maximum is seen to in-
crease by ~15% with the increase of Li concentration.
(This also is true for 130°Li of Fig. 6.) In addition, the
peak is further broadened by the addition of Li. Both of
these effects suggest the presence of a Li-Li interaction.
Since the elastic interaction between Li sites is negligible,!
we will assume the relevant interaction is electric.

A rough estimate of the dipolar interaction can be
made. Since the concentration of Li ions is small, we as-
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sume that pair interactions dominate, i.e., that the interac-
tion energy is of the form U xR ™3, where R is the
dipole-dipole separation. The tunnel splitting is then of
the form? A=[(U2+44A})"/2+U]/2, where A, is the
splitting in the absence of interaction.?* We further as-
sume that the probability distribution in U is determined
by a statistical distribution in R, i.e., that the Li ions are
sited at random in the KCl lattice. The net specific heat
is then a spectrum of Schottky peaks having energies A.
Summation of this spectrum gives the solid line of Fig. 4
which is to be compared with the X symbols. Similar fits
are obtained for the other samples.* The spectrum in A
has two consequences, namely a broadening in the peak
and a shift of the peak to higher temperatures. In partic-
ular, the observed temperature dependence of C near and
below 0.1 is explained (see also Ref. 21). Three adjustable
parameters are employed. One is the concentration n of
Li. The fits for all our samples required an n which was
4—10 % larger than that deduced from the measured en-
tropy (see Sec. II). The second parameter was A,, which
was 1.25 K for "Li and 1.80 K for °Li. These values lie
within 10% of previously reported values obtained at
small n where interactions would be less important.!! The
third parameter is Uy=U(R =a), where a is the K-K
distance in KCl. The value of U, was the same for all
samples, Uy=600 K. This is the same order of magni-
tude as the interaction energy estimated from the relation
Uy~p?/4mea®~400 K. Our coarse assumptions con-
cerning pair interactions of tunneling states are probably
inadequate, and the Li distribution may not be completely
random in our KCl samples.?> Nevertheless, the available
evidence does indicate that the broadening of the
specific-heat peak is caused by Li-Li interactions.

Returning now to the region of Fig. 7 lying at tempera-
tures below =~0.5 K, we speculate that the developing, ap-
parent anisotropy in I'y; with decreasing temperature may
be ascribed to a fraction of the Li population, perhaps
~3%, which interact with neighboring Li sites.

The main conclusion of this paper is that the tunneling
states associated with an isolated Li ion in KCI can be
represented by an isotropic Gruneisen parameter of
I' ;= +150 which is independent of temperature and of
Li isotope.
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